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The  gaurccs  of  aoiae  in  underwater  eiactro-acuuntic  hydrophonag 
are  considered  with  particiiiar  referanca  to  pie^oaiectric  piston-typH 
eleeiefits.  Expressions  are  derived  for  the  various  contrlbut terns , and 
their  influence  on  hydrophone  design  for  bruad-band  reception  Is 
discussed . 


It  is  shown  that  raeasurement  of  goAiient  noise  levels  down  to  Sea 
State  1/2  equivalent  la  possible  up  to  70  kHs  with  a correctly  designed 
hydrophone  and  a low  noise  asspllfier  with  sufficiently  high  input 
impedance.  HeasureEsents  down  to  this  level  are  nsore  readily  carried 
out  with  a spherical  hydrophone  than  with  a piston  hydrophone  in  a 
baffle.  The  hydrophone  parameters  of  gresteat  intportance  are  the 
reaonimce  frequency,  coupling  coefficient,  and  hydrophone  sensitivity. 
It  is  important  also  to  avoid  mechanical  resonances  of  the  hydrophone 
mounting.  . 


31.  r. 


NOISE  IH  ayBSOFHOSES 

I.  DITEODIXmcaJ 

This  mport  diftcvw»*e«  th«  various  Bauroaia  of  aolse  io  the  output  of 
pro##ure  hydrophoaea,  md  their  loflueace  on  rh*  porforaunoce  and  deaiga 
of  broad-bond  recelvnrs.  Th«  coot rib ut ions  coosiderod  include ; 

«.  thentel  noiee 

b.  eiobient  nee  noine 

c.  napllfiesr  nolee 

d.  nolee  due  to  ecnffiting  vibretloo 

end  thene  ere  related  to  Che  preesure  eetisitivity  of  the  hydrophone 
eleeeat  iceelf. 

Coaiideretioo  la  given  mainly  to  low-frequency  piaton-type  hydro- 
phooea,  o£  a balanced  ("accelcratXou-cadicelling"}  design,  but  the 
relacionaKlpe  are  also  valid  fur  unbalancad  dcalgns . and  similar 
principle*  i^ply  Co  other  forma  of  coaatructioi:i. 

II,  TUESKAL  NOISE 

Any  realstor  at  a finite  caaperature  has  across  it  voltage  fluctua- 
cioas  which  are  known  aa  tharmal  nolac.  A hydrophofui  laaaraed  in  Che 


:I.n 


-La:k-;;ot  ;'iL-:.iD 


w'il.*  rfesfKjrna  to  pre-asui'e  fluctaatitwis  in  thfe  tsfcditaa  which  arise 
sisalarly  frois  thenusl  agitation  of  the  aedlua  itself.  *tell«s 
(S«£  1)  has  sbewm  that  this  tharaal  noise  pressure  in  a X Kz  band  (p.^) 
Is  given  by 


2 isKTpc 

“ ~y~^ 

CD 

where  K 

••  Boitzasttc ' a constant 

(1.38  X i0"‘^ 

J/d«g  K) 

P 

• density  of  the  taediua 

c 

“ speed  ai  sound  in  the  Taedima 

i 

- wavelength  of  sound  In 

the  stediua  et 

the  relevant  frequasney  (f) 

T 

•*  tei^erature  in  degrees 

Kelvin. 

It  la  of  interest  to  express  this  noise  pressure  level  in  tsnw  of  the 
noise  voltage  output  gooersted  by  a hydrophone  lanersed  in  the  ses  sad 
subjected  tc  these  pressure  f luctuetlooe.  This  requires  s kaovledge  of 
ths  hydrophone  sensitivity  of  the  device,  which  auty  be  deriv®d  as  follows* 

The  acoustic  pressure  <p)  st  a point  distent  r^  free  a seall  otsai- 
directional  source  is  given  by  the  expression  for  the  totel  acoustic 
power: 
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pc 


4rr 
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i^Rn 
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(r^  »i) 
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(2) 


i - square  taput  ciitrwut 

S resiativc  cos^foagat  of  th«  iaput  iajXicisaco 

• (gioctro-acoaatic  «f flci«ttcf. 

&a 


TKias,  £h«  curreeit  projector  seaaitivity  (S^)  is  given  by 
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By  the  reciprocity  theoroa,  the  open-circuit  hydrophone  sensitivity  (M) 
i«  related  to  the  projector  sensitivity  by 
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where  t is  the  frequency  (In  Hz) 
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Therefore,  Che  raean  square  output  voltage  (in  a 1 Hr.  band)  from  the 
hydrophone  is 
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Rn  X^ 

ea 


rpc 


4ttKTpc 


- 4KTRn 

ea 


(6) 


For  an  ideal  hydrophone  of  1002  efficiency  (1.*.,  r\  ■ 1),  this 
oolae  voltage  i$  equal  to  <4KTR)^^^,  which  ie  just  the  nolae  output  to  be 
expected  from  an  electrical  resistor  of  magnitude  R.  Thus,  the  electrical 
Itapedance  of  a lossless  hydrophone  represents  correctly  the  thermal  noise 
output  as  well  as  the  acoustic  ioqtedaace  due  to  the  nediua~a  result  which 
may  have  been  expected  or  hoped  for. 

Cooverting  the  thermal  nolae  pressure  given  by  equation  (X)  to  a 
spectrum  level  (denoted  by  « 20  log  p.^,)  , we  obtain 


10  l0£i 


+ 20  log  ? 


c 

« -liS  + 20  log  F dB  r«  1 yb  In  Hi  b*cd  (where  F ie  the 
£rw<juency  in  kHi) 

- -15  + 20  log  F dB  r«  lyPa  in  1 Hz  band  (7) 

This  topic  hss  been  discussed  by  various  authors,  (See  e.g.,  Fef  2,  3,  S, 

6)  i the  above  treatrsent  la  a slightly  fuller  version  of  part  of  an  article 

by  Satchaldar  (Ref  2) , who  goes  on  to  consider  the  effect  of  interoal 

leases  in  the  hydrophone.  Theee  losses  lead  to  a reduced  efficiency  and 

give  rise  to  additional  themal  noise.  Batchelder  states  (without  proof) 

that  this  eddad  theiael  noise  degrades  the  equivalent  noise  pressure- 

2 

squared  of  the  teal  hydrophone  to  p„,  (r\  , vduire  o is  the  electro-acoustic 

efficiency.  A derivation  end  discussion  of  this  rcletionshtp  is  given 
below. 

The  electrical  chsrsctsristica  of  an  idsal  plsxoelectric  hydrophone 
(with  no  electrical  losses)  are  often  represented  by  the  circuit  shown  in 
figure  1(a).  Both  C and  R depend  on  frequency,  although  for  frequencies 

r H 

well  below  resonance  C becooes  alnost  Independent  of  frequency.  It  is, 

P 

oi  course,  also  possible  (though  less  usual)  to  represent  the  hydrophone 
..^.adance  by  the  series  circuit  of  figure  1(b).  In  these  clrculta , e^ 

..ui  e_  represent  the  sources  of  thermal  noise  voltage,  and  the  cotsponeots 
iirt:  related  by  the  equations:  - 


A„  R 

K « wh«r«  6 ■ 

* i+u,^c  h 2 i+a^  P 

p p 


i+e 


2 i "P 


(9) 


The  otpe)^  circuit  aoiae  voltage  (V^^)  Is  given  by 

2 

„ 2 2 *p 

V-  * e • — 

^ ® 1+e^ 


4KTB 


(10) 


Note  also  that  6 • wC  R • ~i-=~ 

p p 


Now  suppose  that  another  resistor  R2  (with  its  ova  sssoeiatad  thermal 
aolse  source  a 2)  is  coaoected  lo  parallel  vith  tbs  hydropboos,  to  rsprsssat 
ths  internal  electrical  losses,  as  in  figure  2(a).  After  eoabioing  sad 
&p  to  font  an  effective  parallel  resistor  R^'  “ (RpR2)/(Rp+B2) » 

circuit  nay  be  converted  to  the  fon  shown  in  figure  2(b)  , the  coetpooents 
being  given  by  equations  similar  to  (8)  and  (9),  viz. 


R_ 


1+8 


■2 


wC  R 
P P 


where  3 


Tae  op«n  circuit  ools«  voltage  1»  then  given  by 


- 4KTR 
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4KT 


1+ 


R R_ 
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4KTR^  (1+  R„/K,) 
g 

(1+ 


4KTR^  (1+  ^2^%^ 

(1+  R,/R  + 8^ 

2 p 2 p 


(lie) 


(lib) 


Hiie  le  the  geaerel  expxeaslon  for  the  thenial  noise  voltage  from  this 
circuit;  we  now  consider  how  R depends  on  frequency.  The  variation 

F 

with  frequency  of  the  admittance  of  an  ideal  (loaaless)  hydrophone  can 
be  represented  by  the  eqxrlvalent  circuit  shown  In  figure  3 (in  which 
the  conponente  sxe  aasuaad  to  be  independent  of  frequency) . This  gives 
reasouable  agreetoent  with  aeasured  admittances  for  frequencies  up  to 
just  over  the  resonance  frequency,  provided  the  usual  "Itnaped-'mass" 
rqjproxiaiation  la  valid.  For  this  circuit,  the  variation  of 


X/ CcoBductsace) ) Is  glwn  by 


wh«r«  R reprasecta  th*  aachsalcal  loss  reslstsae*  (in  «l«ctrical  tetim) 

ti 


Ui  “ aatchaaical  rsaotuukce  (angular)  fra^usmcy  " ( f- 


If: 


0^  ■ BKchanlcal  Q-factor  * ^ g 


Sinca  th«  coupling  coefficient  of  tb*  hydrophon*  (k  ) la  dcfiMd  by 


2 at 

t m 

‘a  C ♦€ 

o a 


and  the  low  fre<juency  capacitoxca  ~ ^o"^a 
wc  thus  obtain 


2 2 


(12a) 


V] 


1. 

^LF 


(I2b) 


iqaac-*.£>u  Ci2b>  it  vdliii  at  ; re^uciicias  iur  enough  fro*  r««oii«nce  for 
2 2 

tha  ccaditlaa  » 1 to  be  aatlefied;  In  practice,  thla  mmoui  fre- 

quoiiciea  belorv  the  '‘helf-coBductence"  band-width  around  reaonanca. 

SubatltucloQ  of  thia  expression  for  into  equation  (lib)  vould  then 
give  Che  variation  with  frequency  of  the  noise  voltage  output. 


It  ie^  however,  generally  oore  useful  to  express  the  noise  output  in 
caevia  of  the  equivalent  noise  pressure.  For  this,  we  refer  to  the 
expression  (equation  (5))  for  the  hydrophone  sensitivity. 


i.e. 


rpc 


In  chia  expression,  R Is  the  resistive  cooponent  of  the  total  input 
Inpedsnce,  i.e.,  K ^ 


Thus , 


*PC 


R 

S 


<1+  R,/R  ) 

£■  -IL 

<1+  Rj/Rp)^  + B^(R^/Rp)^ 


(13) 


Then,  the  equivalent  noise  pressure  is  given  (using  equetioos  (lib)  and 

(13)  by 


V 


2 


4irt(Tpc 


/ e # \ 


which  is  the  sxpmsaioti  quoted  by  Batcheld«r. 


2 

la  oTd«r  to  calculate  the  variation  with  the  frequency  of  P ^ 
now  derive  the  varlatioa  of  with  frequimcy,  uelng  aquation  (12), 
Aeaune  that  there  are  no  intemaX  aechaaical  loaoee  In  the  hydrophone: 
that  all  the  internal  loeaea  are  elect rleal  and  are  repmoented 
by  &2  (which  nay  Itoalf  be  a function  of  frequency) . (the  following 
eapreeeione  woiil^  still  represent  the  verletloo  of  with  frequency  if 
eny  internal  !jechaaical  loeoea  were  a constant  fraction  of  the  radiation 
loeaea.  which  would  usually  be  e reeeotiable  oeetaqicion.)  Thus,  we  teke 


1/R 


ea 




l/R  + iJr, 
P * 


1 _ 

i r7R2' 


1 + 


The  equivalent  thcrtsal  noise  preaeure  la  therefore 
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TR 


4irKTpc 

,2 
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(15) 


i 

t 

T 

I 


■ I + 

c 

\ 

“1*^0 

. 4wKTpt^ 
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2 2 

for 

>>  1. 

(X6) 


(17> 


!kw,  if  « coa«tcnc  rMlstor  4cro«B  ch«  hydrophooa  - 

e.g.,  the  input  resistance  of  an  aopllfier  - It  is  convenient  to  write 


Hi 


c 


^ 


1«  the  roll '-off  (enguler)  frequency  of  the  hydrophone  cepeclteaee 
in  perellel  with  %2' 


4irgTpf^ 

c 


(18) 


Substituting  the  veluee  K » 1.38  x 10  J/dsg  K,  T «»  280*g,  o ■ 10^ 

3 

c ••  1.3  X 10  Vi/amc,  this  gives 


2 

^TE 


3.24  X 10”^^ 


1 + 


(P*)“ 


(19) 


where  all  the  frequeoclea  are  in  kHz  (iBcltidlsg  fc,  the  roll*^ff  frequency 


end  the  xvaoiunace  frequency). 


Thu*,  the  m*  ooiee  pteesure  <iu  « 1 Bz  band)  Is  given  by 


2 -7  • ^ 

p^  - 1.8  X 10  ' ? ; 1 ^ 


\ 1/2 


\ K 


2 y 


n,^  1 (P*> 


•le  i 

1 ‘ I 


<20) 


At  lotr  frequencies,  where  F <<  F^  (so  that  • siui  also 

F^  «<Q^/fc^^)  FgFj^,  this  aispliflas  further  to 


(p^)  » 1.8  X 10 


-7 


/ 2 


2 Vl 


1/2 


(Pa) 


(21) 


Thu* , at  low  frequencies , p.^  becoees  independent  of  frequency . Cun- 
verting  these  e:qpressions  to  spcctrue  levels,  ve  obtain;  - 


ftoe  equstion  (2t) , P^  “ -15  20  log  F + 10  log 


^ 'c  2 / 

(22) 


dB  re  luPa  in  1 Hz  bend. 


item  aquation  (21)  , (P^g)  "IS  10  log  j — j-  F^Fj^ 


(23) 


dB  re  IwPa  in  1 Bx  band. 


TiUESs  thari-ULi.  aotae.  pressur*  Isv^ls  ahould  be  compared  wich  back.grouad 
Sioiee  lavela  lt>  Che  e«a  due  to  eourcee  other  than  thermal  fluctuaCioua. 

For  exanplc,  typical  valuae  of  background  levels  in  deep  eater  have  b^sen 
given  by  Knudecn.  For  e«a  state  0,  Knudaen's  valuae  of  eid>lant  noise 
epactrcai  levels  <P^)  are  deecribed  approximately  by 

P„  “ 45  -17  log  F dB  r«  luPa  In  1 Hr  band.  (24) 

r« 

(F  ic  itHx) . 

Thaaa  valuae  are  fairly  veil  accepted  for  the  range  0.8  to  20  kBr , 
eltbottgh  vith  quite  wide  f luctuatiooa , end  ere  often  extrapolated  towards 
the  cfaenel  noise  llmitlsg  curve  et  higher  frequencies 

Figures  4(e)  end  4(b)  show  exaaples  of  noise  levels  derived  froe 
these  equations.  Knudaen's  carve  for  deep  sea  stata  0 is  shown,  extra- 
polated towards  40  kBz.  Ths  lisa  eloplag  upwards  to  Che  right  shows  the 
thoTeal  noise  pressure  for  a perfectly  efficient  hydrophone.  The 
remaining  curvea  In  figure  4(a)  are  exanples  for  more  realistic  hydro- 
phonaa  of  how  the  equivalent  noise  pressure  levels  ere  affected  by 
values  of  and  the  roll-off  fraquaocy  F^ , all  for  a hydrophone  reaonant 
et  100  kHz.  Figure  4(b)  illustretaa  also  the  effect  of  varying  the 
ceaocuuice  frequency  These  curvea  show  how  the  thermal  noise  is 

increased  by  the  effect  of  additional  electrical  loeses,  so  that  it  may 
become  iapoaeible  to  measure  the  sea  background  noise,  particularly  in 
the  30-50  kHz  range,  if  the  eysCeia  ie  badly  designed. 


Equiktlcms  (22)  and  (24)  aluw  thsmal  noise  will  be  lees  Chss 


sidbleQt  noise  (for  see  state  0)  if 


-15  20  log  P s-  10  log  ■ 1 + ~-  ^ n,  <45-17  log  F 

/ k *^1  ^ s 


. „ -if  ^ y 5 *0^ 

l.e,  , if  --y  Y 


p2 


(25) 


la  or<der  to  keep  tbermel  aolee  below  see  ooise,  it  Is  therefore 

deairefale  to  keep  Q^,  ead  low,  mid  to  heve  e hi^  value  of  k^. 

Figure  5(e)  shows  a graph  of  10  /F^*  vs  F,  together  with  a ncra»graas 

2 

(figure  5(b))  for  calculating  . For  any  set  of  values  of  these 

2 

transducer  parajaetere , calculate  » Sea  state  0 noise  levels 

will  then  be  abov«  Che  thecaal  noise  background  for  frequencies  up  to 

2 

that  at  which  this  valne  of  equal  to  the  plotted  value  of 

10^/F^*^  - F^. 

The  parallel  resistance  is  generally  a cosd}lnatloa  of  a resistor 
repreaencing  the  dielectric  loas  in  Che  ceramic  and  a resistor  repre- 
senting the  Impedance  of  any  circuit  connected  to  the  hydrophone.  In 
the  above  equatlonf , is  sssuamd  Co  be  independent  of  frequency.  How- 
ever, if  the  Input  impedance  of  any  circuit  connected  across  the  ceramic 
is  high  compared  with  the  dielectric  loss  resistor,  then  R^  better 
represented  by  a resistor  which  varies  with  frequency  to  keep  the  dielectric 
loss  per  cycle  (tan  #)  constant. 


For  ciixs  case,  we 


, writing  t«n  5 = fi 


(26) 


th«&,  frots  equation  (17)  , 


2 ^ A^tKTpg  } 
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%n\^t  I 
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- 3.24  X iO"^  I i + ^ 

( k 
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5-  “1  "M 


n,  i <P.)‘  (2r) 

(P  in  kEz) 


-7  i 7 1 ^^2 

i.c.  P - 1.8  * 10  ' F < i -»•  3^.  ^ (P*,  ia  1 (28) 

^ I kj  “l  ^ ( B«  band) 


or. 


i P 2 } 

^T&  * ? + 10  log  ? i ♦ 3^  5-  I 


2 F,  T 


I ^ 


(29) 


dS  re  luPa  iQ  I He  band 


£xaapl««  of  the  shspe  of  eoiie  tTpical  curves  of  this  type  arc  sbovn  in 
gfgurea  6(a)  and  6(b).  For  frequencies  well  below  resonance  (P^)  , chase 
curve#  becoae  aaysptocic  to  straight  lines  given  by 


V 


-15  + 10  log  P + 10  log  ?, 

k ^ A 


(30) 


W Ijng  ugirj 

>'bmr  fULLY  LEmiE  FmTm 


Fcr  rhia  typs  of  loss,  equatioas  (24)  axiH  (29)  show  th-at  feh^srsoei  QCri»ii 
vlli  be  lese  tbaxi  state  0 as^iant  aola«  if 


-15  -t-  20  log  ? -f-  XO  log 


C?  b ^ 2 I 

—V  45  - 17  log  F 

k ^ ^ 

« 


i.e. j if 


(31) 


Flfuz*  7 shows  « graph  of  - F ; Is  this  CAM , tbemal 

ttolse  will  be  below  m«  aotae  for  frequencies  up  to  that  at  %rKlch  this 

2 

plotted  value  beciMMts  equal  to  ^ before » the  range  over 

which  aiBhleot  sea  oolsa  can  be  aeaaursd  is  iacreaaed  by  aaklsg  and 
7,  low  and  hl^.  In  thia  case,  the  electrical  loss  factor  h (-  tan  i) 

^ V 

should  else  be  low. 


IspllcattOBS  for  Hydrophone  Design 


The  above  relationships  lead  to  the  following  oonsiderstions  for 
hydrophooes  which  are  intended  for  listening  over  s vide  frequency  band 
below  reacnance  - l.a,  , in  tha  regicna  where  the  aensttivlty  varlea  only 
alowly  with  frequency.  Th«aa  coosideretiona  ere  applicable  to  all  tha 
uaual  forw  of  piazo-ceranic  hydrophone#,  whatever  their  conetrucClon. 


If  the  desired  receiving  bend  does  not  extaond  ebova  30  kUz , the 
resonance  frequency  of  the  hydrophone  need  not  be  higher  then  50  kBx 


ic  is  th«a  clssr  i'roci  4 sxtd  6 tbst  thsrsdtl  CS&  ^easrally 

b>«  «|^r»cisbly  bslow  s««  stolMi  (for  d»«p  ««4i  0).  ^is  r*quit«ti  osly 

tli*t  thm  sfflctsttcy  of  thm  hydrophoo*  se  rs«OQ«r.c^  le  WMWOJMAly  high,  md 
th«t  thenwl  aoi««  Is  uoduly  iooreusd  by  an  «sx»ssiv«Iy  lov  vel^as  of 

th«  p#r*li*l  r««i*tor  Thua,  la  this  low  freqwtacy  rsgioa,  th«  hydro- 

phoM  •£fici«acy  is  not  of  gr«nt  sigaificcu^.  {Th*  b4kXkd  f<yr  which  this 
Is  t£%Mi  extends  to  higher  f r«<^'iieQClsa  if  the  erlterloa  is  th«  Mcssoxsassat 
of  aoise  la  higher  ««s  »tst«s . but  ws  coosldsr  ^«r«  only  th«  aort  usoai 
rwiuireissat  to  Mssure  dsep  s«s  state  0.  Coaversely,  the  seswrehst  lower 
see  noise  levels  <;uoted  by  U«ox  (jKef  7)  would  lestrlct  the  bei:id  to  lower 
f refuencies . ] 

If  the  receiving  band  extends  above  about  3D  k£x,  however,  therael 
aolee  will  geiaerelly  beectsa  slgnif leant , even  for  e perfectly  efficient 
hydrophotte.  In  order  to  tslninlKo  the  Increase  In  thenesl  aoisa  due  to 
hydrophone  Inefficiency,  end  should  be  sede  as  low  «s  poeslbla, 
and  vs  high  ma  possible.  If  the  losses  are  pxedoelaenCly  due  to  the 
cersHlc,  beheving  as  ten  d losses  (i.e.  , losies  proportlaoel  to  fnujueucy) . 
the  cereelc  sh^^uld  b&ve  es  lot.’  s valoe  of  ten  6 ns  can  be  achieved 
(e^vuicion  (29)).  If  the  losses  are  primarily  tboee  e«socist«d  %rith  a 
constant  perallei  resistor  value  of  S.^  »hoold  be  »ed«  high , 

so  that  the  roll-off  frequency  (F^)  is  low.  (Equetion  (22)),  Thm  first 
consideration  is  thus  to  make  the  reeoeence  fmqaency  as  low  as  is  con- 
sisteat  tritb  the  highest  measuring  frsquency  required.  (Although  tharv  is 
iittls  benefit  in  rediiclng  F,  below  about  4C  k£s  from  this  aspect.) 


lyptcaily,  a rcftOEusac®  fraqucacy  SOX  ftfcovB  tfc«  high  «md  of  ctie  frwiucncy 
Tingm  vlll  {>eTmlt  • rise  la  sensitivity  of  only  «iB  within  the  bsoh. 

It  woold  sprfMiMu;  ftott  squstiOB  (22)  «ad  figure  4 thst  the  themel 
noise  asy  sivsys  be  tehucsb  by  asking  lower,  - i.e. , by  aoklng 
or  sufficiently  high.  There  ere,  however,  prsctlcsl  difficulties 
In  Increasing  the  hydrophone  cspscitancs  iadefinitsly  for  a given 
resonance  frequency,  and  also  in  asking  tba  input  inpedanca  of  an 
aapllfier  indefinitely  lerge.  Of  these  two  poeeibllltiea . it  is 
preferable  to  Increase  the  input  iapedence  es  such  es  is  feselbis, 
since  increasing  the  hydrophone  capacitance  Is  generslly  associated 
with  reducing  its  sensitivity.  This  aey  then  lead  to  difficulties 
arising  froa  electronic  nolsa  In  the  saplifier,  which  hss  so  far  been 
ignored,  but  which  %rlll  be  considered  in  the  next  section. 

m.  AtffLinEk  NOISE 


Noise  originating  in  any  receiving  aaq^llfler  has  Co  be  added  to  the 
noise  output  fron  the  hydrophone  in  deteminlog  the  background  level. 
Suppose  that  the  tu>lse  output  of  e pre-'Wiplifier  la  SNMUiured,  with  a 
(noiaelesa)  capacitor  of  t\tm  a»tm  value  es  the  hydrophone  capacitance 
connected  across  the  input  in  piece  of  the  bydrophcvje.  This  noise  output 
may  be  referred  to  tha  input  by  dividing  its  level  by  the  gain  of  the 
pre~> amplifier  saeasured  by  Injecting  a voltage  in  series  with  the 
capacitor.  Let  this  ms  noise  apectrue  level,  referred  to  tha  input,  be 


Th«o  tliia  ssAy  be  ciBBpfired  witli  th«  hydrophotw  output  ^ 


t>r  . 

both  tMtiag  function*  of  fm^uoncy. 


U*  b«\r*  found  it  coavnnlnnt  so  fst  to  r«f«r  «X1  nols*  I«v«Is  to 
thsir  «<iulvftlcaC  pressure  levels  st  the  hydrophoi».  In  order  to  coa- 
tinoe  with  this  approach,  w«  therefore  divide  the  aapilfier  noise 
voltage  by  the  hydropbooe  seitaitivlty , thus  obtaining  the  ran  equiva- 
lent noie*  preasure  level  <p^) , or  its  corresponding  spectruot  level 
(Pg  - 20  log  pg) , It  is  evident  that  enblent  s««  noise  %rlll  only  b« 

WMUiurabla  if  the  electronic  noise  ie  sufficiently  low  end  the  hydro- 
phone sensitivity  sufficiently  high.  There  ere  however  practical  limits 
on  both  r.heee  factors.  Rijnja  (%sf  3)  has  cotiaidered  the  queuitiou  of 
input  isq>ed«nce  and  noise  In  hydrophone  amplifiers,  and  quotes  a typical 
noise  spectrum  level  for  « good  eapllflsr  os  -160  d8  re  1 vol  for  the 
range  10  Uz  - 100  kH* . (or  -170  d8  r*  1 volt  for  s very  quiet  oaplif ler) . 
'This  vslus  refers  to  the  noi««  laeosured  with  the  input  short-circuited  - 
l.e.,  that  part  of  the  noie*  not  eirislng  fro®  the  thenaei  noise  of  the 
input  resistor,  - and  w&4  toknn  to  b«  independent  of  frequency,  Meoaure- 
iueacs  St  A0VE  on  a low-noise  pT*-4>a«plif ler  using  an  FET  (Texas  Instruments 
Type  E8000/117;  input  have  given  the  folloeltig  typical  noise  spectrum 
level* , referred  to  the  input:  - 


Frequency  (kH*)  0.5 

Noise  spectrum  lev«I  -167 

(d£  ce  1 volt  in  1 H*  bend) 


1.0 

-16$ 


2.0 

-172 


4.0 

-173 


8.0 

-176 


16 

-179 


32 

-182 


COPY  iVAILABlE  TO 


DOG  DOES  NOT 

t nnnnj'fsTiftii 

■i.  nyPi 


Th«»e  v&Iues  vwra  d*rlv»4  ftott  a6«fiui«aBncs  of  ocw-third  oct«v«  output 
ool*«  l«v«l8,  tb«  gain  of  tha  coiqplata  aapllfiar  balog  34  dB  for  all 
fraquaaciaa  in  this  ranga.  It  will  b«  ootad  that  tha  oolsa  apactrua 
laval  gaoarally  riaaa  by  2-3  dB  par  octava  am  fraquaacy  la  taducad. 
Tbaaa  figures  raprasant  about  the  lowest  noisa  lavals  obtaitiad  up  to 
tha  presaot  at  AVUZ. 


tax  axpnaslon  for  the  ptassura  saxuiltivity  of  a hydrophooa  aay  be 

derived  as  follows.  Consider  firstly  a balaacad  platon-typa  hydro- 

phoea,  as  shown  dlagraimatleally  In  figure  8.  In  this  type  of 

coostruction  tha  front  piston  stsas  (M  } is  equal  to  tha  rear  aMaa,  and 

P 

the  alanent  is  aupportad  at  Its  "nodal'*  point  half-way  along  tha 
osrsdc  stack,  la  order  to  reduce  tha  output  due  to  case  accaloi^atloas. 
Thaa,  for  a design  in  %rhieh  all  the  rings  are  alactrlcally  in  parallel, 
tha  low- frequency  pressure  sensitivity  (a)  of  the  hydrophone  is  given 
by 


a 


k ^ 
2 


»33  ^ 


(32) 


where 


A^  « area  of  front  piatoo  presented  to  the  water 
cross-sectional  arse  of  pleso-carasdLc  stack 
t ••  thickness  of  ssch  plsro-carsalc  ring 

■ piexoeisctrlc  "g-constant"  for  the  caranlc,  assuned  here 
to  be  used  in  the  thickness  (ar  "33")  mode. 


Vcws  low  frttqueacy  cap«cltsuce  (C)  of  the  hydrophoae  is  given  by 


A 

C • c “ a (33 

wtier*  c is  the  absolute  free  pemittivlty  of  the  cereasic  (i.e.;  c •• 
sod  a is  the  nuober  of  rings  in  the  stack. 


It  the  front  end  rear  helves  of  the  stock  are  connected  electricelly 

iB  eerlee  Instead  of  in  perelleX.  the  sensitivity  is  doubled  end  the 

2 

cepecltence  reduced  by  e factor  of  four.  Thus  the  factor  ■ C reraelwa 

cooetajot,  end  this  Is  true  also  for  otber  changes  la  Che  seae  baaic  stack 

<e.g.,  dividing  tha  stack  Into  & larger  nuiiber  ot  rings).  In  fact,  this 
2 

psraeatar  « C is  proporciatiel  to  the  stored  slectrlcel  energy  for  e 
given  iacident  acoustic  field  (end  to  hhe  ssxiasue  power  ttutput  froe  the 
hj^irophooie)  ; txam  equetio&s  (32)  and  (33)  , it  Is  given  by 


i . 

4 \ A 


wiisr*  V ••  A at  - volutaa  of  ceramic  stack, 
c c 


Thus,  for  j-soeetrlcelly  seeled  etocks,  having  the  eeae  value  of 
•? 

(a^/A^) , the  pereswter  m~C  is  proportiooel  to  the  ceraeic  voluea . But 
this  is  also  related  to  ths  resonance  frequency  of  the  hydrtmbons,  the 


relAtiotuihip  being  zeedlly  derived  for  hydrophonee  aetlefylng  the 
"luMped  naee”  j^proxinetioo ; - i.e^,  where  the  dltteoeione  of  «li  parts 
of  the  sleaeat  ere  saell  eoepered  with  the  veveXength  of  sound  in  the 
■eterleXs  cemceroed.  For  such  coodltiooe,  we  ney  write 


!s^_ 

2atM_ 


(35) 


where  • angular  resonance  frequency 

and  « effective  Young's  eodulus  of  the  stack  (including  Joints  etc.) 


Then,  substituting  for 


e^C 


e 


E- 


8M  w ^ 
P r 


(34a) 


Ve  now  use  tha  approxloete  relationship  for  the  nschsnical  Q-fector 
(Q^)  of  a balanced  eleeent, 


(36) 


where  - radietioo  reaistance  et  resonance,  and  we  neglect  intemel 
aechanicel  losees  and  any  radiation  reactance.  Further,  we  eey  write 
the  radiation  resistance  a« 


p , c arc  the  detmity  <nd  ep»*i4  of  gound  la  water , acd  X la  a 
factor  which  depend*  only  oe  the  ratio  of  piston  disoMtar  to  wave- 
length  of  sound  is  water  at  Thus, 


»^C 


‘33 


4pcXQ^6^ 


(37) 


Appsoxlnaca  valises  tsay  be  given  to  sosk  of  the  constaata  is  chi* 
ralatlonship , vis : - 


^ » 23  X 10“^  V«/S 

c - e c ^ HOC  X 8.85  x 1Q~^^  - 1.15  x 10*^  F/« 
r o 

1 A 2 

= 6 X 10  S/itt  («  90S  of  Touag's  aodulu*  for 

ccranic,  to  allow  for  joints  ate.) 

pc  * 1.5  s 10^  kg  «*"*■  a~^ 

Providad  that  the  piston  dissetar  axcoads  C.41  at  rascasnee » which  is 
oftas  true,  than  0.6  < X < 1.3.  Also,  typical  values  of  Ila  is  tba 
rang*  10-20  for  hydiophcttffi*  with  raaaoaabiy  light  pistoss.  Thus,  to  as 
ordar  of  sngsitude , 

A 

m^C  « 8 X 10'"^*^  <V^F  P«“^)  <38) 

I 

2 

wners  m is  In  V/Pa,  C is  ia  Farads,  A ie  io  a , and  t.  la  Cha  rcsoiianca 

P 1 


For  lead 
slrcooat*  < 

citasata  \ 

(a.g.  PZT-4) 


frequency  la  Hs.  Converting  this  to  eora  conveaiant  unlca  of 


a in.  uV/?i 


C in  pF 


F,  InkH* 

vw  abtnla  » 8 x 10^  | | 

[Hot«  «I»o  that  n In  vV/Pa  * (a  in  uV/yb)  x 10} 


08a) 


It  trill  oftan  ba  a design  feature  that  the  platon  dlasMter  la  apprtntl'- 
aately  a constant  factor  of  the  vamlaogtb  at  raaonance.  In  that  case,  w« 
»ay  write,  to  a still  further  degree  of  a|>proxi»atioo , 


s “-S' 

p » 2 


where  K is  given  by 


^ (2-)  . x.77.10‘ 


(U 


(39) 


(39a) 


in  which  D ia  the  piston  dixeetsc,  and  is  the  wavelength  of  sound  Is 

water  at  For  designs  satisfying  this  criterion,  ve  find 


a^C  = 8 X 10"^°  (40) 

li  D/X^  » 0.5.  then  k’ =■  4.4  x 10^  , and  a^C  » 3.4  x 

(If  D/Xp  * 1,  “ 0.14  X 10  i.e.  «/c  '»0.04fj^  cosq>arad  with 

Riisja’a  u /C  » 


la  aor«  coovisnisist  units » as  sbov«j  equation  (40)  bacotaes 


(tB^C)  = 8 X 10^  ---  (40«) 

I 

wh«r«  a is  iQ  uV/Ps,  C is  in  Psrsds,  1»  in  kHz,  K hss  th«  velus  ussd 
in  eqtistloo  (39),  sno  = C.5.  Table  I gives  data  for  i<evcral  A0V£ 

hydroph"T€2.  (using  LZT  ceraalc)  , showing  the  degree  of  agreeateot  vith  the 
above  relationships.  Equations  (34)  and  (38a)  give  reasonable  agreeraent 
with  practical  values;  agree?«aat  with  values  calculated  for  (D/X^)  >“0,5 
la  predictably  less  goad,  but  still  well  within  m order  of  nagnitude, 

Equetiao  (38)  shews  that,  for  eleieents  satisfying  the  stated  seeuap- 
2 

ciooe,  the  value  of  » C depends  on  the  piston  araa  and  reeonance  frequency, 
and  is  independent  of  the  nunber  of  rings  and  the  voluaae  of  eereadc  in  the 
stack.  Tbua,  if  the  resonance  frequency  Is  specified,  there  is  no  advan- 
tags  to  be  g^ned  fro»  using  * larger  voiutae  of  ccraaic.  The  factor  n C 
is  Mixiiaised  by  reducing  the  rencKiance  frequency  as  isuch  as  possible,  and 

by  asking  as  large  as  is  cor.siateat  with  the  required  oppllcstloo.  In 

2 3 

general,  e C is  increased  by  a.  factor  of  roughly  (i/P^  ) as  la  reduced. 

2 

(AS  In  equation  (40),)  Approxlaate  values  of  (b  C)j  calculated  free 
equation  (38a)  &t.a  Indicated  in  figure  9. 

2 

We  have  thus  deteralned  approxinate  values  of  b C for  balanced  pletott- 
type  aieaenta.  The  sensitivity  of  a hydrophone  aiay  be  Increased,  In  order 


Lc  Che  respsmse  to  a^iouattc  signaia  abov«  noise,  b«t  oaiy  at 

the  e^eoae  of  laarerisg  the  capacttance  (asetmisg  that  A /P,  is  as  large 

4r  * 

as  possible) . This  reduction  is  capacitance  aay  than  bacosH  hexaful  for 
C«o  reasoos : 

1.  The  roIi~oft  fraquatncy  <F  ) will  be  raised,  for  a given  input 

Ce 

tasisetance,  and  this  will  cause  increased  tharnal  noise,  as  llluatrated 
in  figure  4. 

2.  Cabla  capacitance  in  parallel  with  the  hydrophone  ceuaea  soaa 
lose  in  aensitivity,  which  beconaa  appreciable  if  the  hydrophone  capaci- 
tance falla  to  a value  coaparable  with  that  of  the  cable.  Excessive 
loss  la  generally  avoided  by  keeping  the  hydrophone  capacitance  at  laaat 
equal  to  that  of  any  nscasaary  cabla  (see  Ref  1) . 

The  relevance  of  (1)  above  to  hydrophone  design  is  lUuatrated  in 
figuts  10.  Consider  a lead  zirconate  titanate  hydrophone  of  piston 

disaster  D *■  20  laa  and  rea«unc«  frequency  « 100  kHz.  Then,  fron 

2 6 2 
figure  9,  its  value  of  m C is  approximately  2.5  x 10  (wV/Pa)  pF. 

Suppose  firstly  Chat  we  divide  the  ceramic  in  euch  a way  that  It  has  a 

capacitance  of  1000  pF.  Then  its  pressure  senaitivity  m will  be 

3 1/2 

(2.5  X.  10  > - 50  jjV/Pa.  The  amplifier  noise  levels  nay  than  be 

converted  to  equivalent  pressure  levels,  by  dividing  the  noise  voltage 
levels  by  the  above  sensitivity  figure.  The  corresponding  noise 
spectnsa  levels  are  plotted  as  the  dashed  line  ce  figure  10  and  are 


to  deep  aeji  state  u noise  levels.  Suppose  also  that  the 
reaistasjce  (8.,)  effectively  la  parallel  with  the  hydrophoos  is  0.5  asfgohoi, 

41k 

Then  - lO"^  /2-bC^^^  - 0.32  UHt.  Suppose  further  th»t  the  hydrophone 
has  Ctypicei)  values  of  • 15,  • 0.5;  then 

F F,  - 1900 
k 2 ^ 

c 

Usiag  figure  5a,  we  see  that  theraal  aolse  would  be  less  than  sea 
state  0 Qoiae  up  to  about  30  kHz,  and  the  curve  plotted  In  figure  10 
for  the  above  paraswters  shows  chat  the  hydrophone  thernel  noise  exceeds 
enbient  see  noise  by  only  a saiell  asirgia  even  above  30  kHz.  The  total 
background  would  be  obtained  by  cMibinlDg  the  curvet  for  eaplifler  noise 
and  themel  noise  by  adding  the  two  power  contrlbutiona.  Id  Is  evident 
from  figure  10  chat  this  choice  of  paraneters  Is  such  that  aableat  noiaa 
for  sea  state  0 will  be  just  about  taeasurable  froa  both  hydrophone  theraal 
ooiae  and  anplifler  noise  aspects  over  such  of  the  frequency  b«i£!»  althoogih 
sea  state  1/2  noise  would  be  sore  readily  seasured  ever  the  whole  bmd. 

Suppose,  however,  that  we  had  chosen  to  sake  the  hydrophone  capaci- 
tance 10,000  pF  (instead  of  1,000  pF) . In  that  case,  the  pressure 

2 1/2 

senaitivity  would  be  (2.5  x 10  ) » 15. S yV/Pa,  and  the  zapllfler  noise 

equivalent  spectrum  levels  would  be  increased  by  10  dB,  thus  being 
significantly  above  the  sea  state  0 spectrum  level  (as  shown  in  figure  10) . 
trill  be  lower  than  before,  and  hence  hydrophone  themel  noise  will  be 


even  further  reduced. 


0£L  tae  other  hand,  suppose  that  had  chcMten  to  eidie  the  hydrophone 
capoeltonce  only  100  bF.  In  that  caae,  the  presaam  aeosltivity  would  be 
Increased  by  10  dB,  and  the  ssaplifler  noise  spectrue  levels  correspondingly 
reduced.  (See  figure  10.)  would,  however,  be  Inereesed  to  3.2  kfiz,  and 
this  would  cause  s significant  rise  in  background  due  to  thensal  noise 
over  the  range  10-70  kHz.  In  fact,  for  this  exaaple  the  anplifier  noise 
is  generally  soalier  than  the  therul  noise  for  all  frequencies  down  to 
1 kHz.  The  first  choice  of  C « 1000  pF  is  «vid«atly  near  the  opilssia  if 
sigaaia  down  to  sea  state  0 are  to  be  csissttred  at  frequencies  up  to  nearly 
100  k£z.  The  low  capacitance  cxaaq>le  above  could  be  loproved,  of  course, 
by  increaelag  the  parellel  resistor  (R2) • were  possible  (e.g.,  by 

chenglng  the  pre-nspllfler  design) , and  a acre  likely  'optltsua'  design 
would  therefore  probsbly  have  a capacitance  of  3*-5Q0  pF  and  require  an 
input  iffipedancs  of  the  order  of  10  taegohoa. 

IV.  SPHERICAL  HYDRDPHQHES 

Corresponding  relationships  nay  be  derived  for  spherical  hydrophones , 
using  foraulae  given  in  Referencs  A,  For  thin-walled  spheres,  the  scnei- 
ciricy  <a^)  is  given  by:  - 

“e  “ " *'®31 

where  a is  the  mean  radius  of  the  sphere,  and  is  Che  appropriate 
plezo-^Iectrlc  g-coefficienc . The  low  frequency  capacitance  (C^)  la: 


<*  tfCS 


- t 


{42} 


when  t la  the  vail  thlckneaa  (t/*  « 1).  And  the  reaonaaice  frequency  (fj^) 
la  given  by 


-JL  J / „2_ 

2»«  \ la-cT 


f) 


(43) 


wnere  ia  the  deaaity,  and  a the  Polaaon'a  ratlo^  of  the  cersatic.  Taking 
a typical  value  of  (1-t/a)  » 0.9,  and  waterial  parioMCcr  values  (for  PZT-4) 
of 


il 


“ 1.15  X 10~*  P/b, 

- 8 I 10^®  N/e^ 


*31 


“ 0,3 


7,6  * 10^  kg/»^ 

-11  X 10"^  V»7N 


we  obtain  the  relationship. 


=<  1.57  X 10  a^  (SI  units) 


(44) 


/ 2,  ^ 

(o  t,  ) - 

' *e  « ' 


(44a) 


(where  a and 


are  in  an) 


^■^a±X&£ly , equation  tni)  becosea 


(45) 


Thus, 


a h 

H a 


0.010  ( &\ 

' H 'i  It/ 


( ■'hJ' » 


(46) 


whare  im  la  Hz. 


Writing  in  IcHz , aad  coavertlug  to  aota  coav«ai«&t  unit*  aa  bafera , 


(a  ), 

* » 1 


l.O  X 10 


13 


/ a \ 
V t / 


/m?.V 

) 

1 Pa/ 

j pi' 


<A6a) 


For  &xaxf-l«,  & spharical  hydropboos  uaiog  PZT-4  ceraalc  of  22  an 
outside  dUa&z^r  and  1.3  ma  wall  thlcLxwoa  baa  the  typical  valuaa  abovn 
balow;  - 


3 . 

i 


Calculatad  Exparlnental 


SUisoaancs  fraqueocy  (USs) 

64.9 

85-90 

Gapacitajace  (p?) 

8,600 

8,500 

SsitoiCivity  (iiV/?a> 

110 

100 

7 

(a  C ) 

11  X 10 

8.5  X 10 

n^proxliaAte  values  of  (m  C },  £oi  Chia-w«ll«d  spheres  are  plotted 
In  figure  11.  This  corresptmds  to  figure  9 for  a plstoo-type  transducer, 
and  can  be  used  as  described  above  to  assess  the  noise  background  for 
various  cdioices  of  » and  C . For  a aphsrlcal  hydrophone,  the  only 
sxaple  re-arrangeeents  of  the  ceramic  ara  to  connecs.  the  beaiapherea 
(from  vhich  the  sphere  is  gsnercilly  assenfalsd)  either  in  scries  or  in 
parallel.  Apart  frora  the  resonance  frequency,  the  only  other  pareaeter 

t*  vary  ia  the  vail  thlcknais , tha  value  of  a boing  increased  as  the 

ft  ft 

thlckoeas  is  decreased  (i.e.,  as  a/t  is  increased) . A llxalt  Is  usually 
daterained  by  the  preasure  which  tha  hydrophone  has  to  survive , or  by 
general  uechsnlcal  iragillcy. 

V.  AjCCELERAXlOi?  srHSITIVITY 

Another  source  of  noise  arises  frow  the  sensitivity  of  a hydrophone 
CO  vibrations  of  the  acuating.  In  order  to  consider  this,  we  agsin 
envieage  a hydrophone  satisfying  the  ’luajped-t»ase ' appt'oxlatstloQ , and 
with  a secha&ical  arr«rgeaent  shown  disgraaaatlcally  in  figure  12, 

In  this  dlagraa,  represents  the  front  piston,  nt,  the  rear  aaaa, 
and  say  mass  at  the  aounting  position  in  the  element.  ia  the 
j.iffaeas  of  the  front  portion  of  the  cerasnic  stack.  K.,  the  stiffness  of 
L.'.o  rear  portion,  and  tha  stiffness  of  the  mounting  arraageaent,  which  ia 
attached  to  the  Cr^sducer  housing.  For  example,  jotd  stay  represent 


uhe  tiaaa  and  atiffnesa  of  a 'ood&l  plate'  support  of  & balanced  eleswut . 

A calculation  of  the  actual  values  of  and  for  any  particular 
structure  taay  not  be  eaay , but  it  ie  assumd  bet*  that  the  sv^port  aay 
be  v&lidiy  represented  as  ahovn,  at  lease  for  the  relevant  frequency  range. 
The  saechanlcal  radiation  impedance  at  the  front  platoo  la  represented  by 
ell  other  losaea  arc  neglected. 

It  is  !KA>.'  aseuiaed  that  the  transducer  housing  is  vibrated  sinusoidally 
(with  angular  frequency  uj)  in  au  axial  diractioo,  the  diapiaceaient  o£  the 
houaiag  being  denoted  by  x^.  The  resulting  axial  dlsplaceiseats  of  > 

and  are  rarpmsentad  (aa  shown)  by  . Xj,  and  x^,  respectively,  and  t.hc 
cott^reaaive  forces  in  the  aprlnga  are  denoted  by  F^,  ?2,  and  P^. 

Then,  the  equations  of  sssstioa  are;  - 


For  (47e) 

For  m2«  “2’'  ’ “ ”^2  (47b) 

For  “3*3  " ^’3  *'2  (4  7c) 

Aiso,  F-,  " K,  (a,  -X,)  (A8a) 

A X > i» 

Fj  - <X2  -X3)  (A«b) 


F-.  " . (x,  ~x.t) 

■J  J U>  J 


J 


Let  « X2«^*^*',  wtiere  Xj^,  X^, 

sad  X^  s ; be  COTcpiex, 


Then,  x^  ■ - -<u  etc. 


After  aoatt  algebra,  we  obtain: 


i. 

bj  m., 


- 1 - 


0)2, 


2 

Ui  OL, 

I _ ^ — L 

h ^ h 


Kj^  + 


2 

“ ®3  " 


1 2 to,, 

1-01  i 


uZ, 


+ 3 


, 2 m., 

I - w 2 


These  may  be  simplified  by  writing;  - 


2 

U)^ 

>=2 

and 

0 2 

2 (0 

“2  2 

0)2 

(49a) 

2 

“1 

ft 

and 

2 u) 

°1  “ 2 

“1 

(49b) 

uiZ. 

Z 

X 

h 

(49c) 

And  th«  cosqprAssion  of  the  whole  stack  Is  givan  by:  - 


2 2 .. 

- X.  a,,  -ti-  f ji. 

. „ „ 2 1 

'‘s  (1-112^)  + jZ) 

(l-nj^Hn^^-n^^^)  + 1?  + jZ  (l-n^^) 
(l-n^^)  {{l-n^^^)^  + Z^) 


Ihcse  exprassloas  BAy  now  be  related  to  the  driving  excitation  x^  and 
by  uaing  equation  (50c).  To  alsipllfy  the  results,  we  write 


2 

“3 

IBe. 

3 

^ 2 
. 2 (i> 

and  n^  ■ — 2 

“3 

<52a) 

and  alao 

*^13 

■‘3 

*^23  ‘ *4 

(52b) 

Then,  after 

soDte 

further  algebra,  we  obtain  the  following  results;  ^ 

^ . 

[ {(l-nj^)A  - Z^B}  + jZ  {(l-n^^)B  + A}] 

(53) 

X 

o 

' Z 2 
A*+Z  B 

where 

A - 

a-nj^^)(l 

-02^Xl-n3^)-n^^a-n2^)Kj^3  - a2^1-nj^^)K23 

(5kt) 

and 

B - 

(l~n2^)Kj^3  - ^2^23  * 

(54b) 

The  coopression  of  the  front  part  is  given  by ; - 


I - zh)  + JZ  (A-n^^B>i  (55) 


Th«  coBpresBioc  of  Bhc  r«Ar  part  1«  given  by;  - 


<A^+Z^a^) 


[ il-nj^^)A  - Z^B}  + JZ  {A+(l-a^^)B} 


(56) 


If  ve  now  relate  all  the  frequencies  to  by  vTitiag 


“2  N 


21 


and  (do  • 


3 N 


31 


then 


(d  • 

w_ 


LT  **21  “ **21®1  ^^***  **2l“®2^*^l^  °3"'**31°1 


Thus,  we  obtain. 


„ 2 2,. 

“**21  “l  ^^““l  ^^3 


(58a) 


(58b) 


(For  front  part) 


/I  « 2 2, 


~ [<-nj^^A-2^B)+JZ(A-Oj^^B) 


(59) 


(For  r«ar  part) 


A M 2 2 

tr  , ^21  °1 


(A^+Z^B^) 


[ {(l-nj^)A-Z^B}+jZ{A+(l-ftj^)B)]  (60) 


Thesa  springs  and  ^2  repreaant  the  pieeo-electrlc  cersmlc  in  the 
hydrophone  eleaent,  although  the  true  ceramic  parameters  may  need  aodifl- 
cation  to  alloic  for  the  effects  of  joints,  non-rlgldlty  of  the  auutses, 
etc.  The  two  parts  are  generally  connected  electrically  (either  in 
series  or  parallel) , and  the  quantity  of  interest  is  the  total  output 
voltage.  If  the  t%ra  parts  are  in  parallel,  the  voltage  ie  calculated  by 
adding  together  the  picxo-electric  chasgee  gwMrated,  and  dividing  by 
the  total  capacitance.  The  charge  generated  in  each  part  is  given  by  the 
relatiopjship 


Force  e 


(61) 


where  d^  is  the  effective  piezo-electric  'd-coefficlent! . For  the  ceramic 
Itself,  the  coefficient  d^^  relates  the  charge  per  unit  area  to  the  applied 
stress  (in  Coulombs/Nevton) . 


Thus,  the  charge  generated  in  the  front  part  la  proportional  to  the 
longitudinal  force  in  the  front  spring  . l.e.,  to 


F 


af 


(x^  — ^1^ 


Aijd  sitodlarly  the  charge  in  the  rear  part  la  proportteaal  to 


F 


ar 


(x^  - Xj) 


The  total  charge  generated  by  the  case  acceleration  Is  then  proportional 
CO  F ■•?,  + ? , and  the  voltage  output  is 


V 

a 


(61a) 


vhere  C is  the  total  capacitance  of  the  atacic. 


(For  an  acceleration-cancelling  design,  Che  connections  are  such  Chat 
the  charge  generated  by  a coispreselve  force  in  Che  front  part  Is  opposite 
to  that  generated  by  a tensile  force  in  the  rear  part.) 


Thus.  - --g-  {K^  (Xj  - Xj^)  + <*2  ■ *3^^ 


“c  h ^^*3  ” iq;  ^*2  - 


C ’*^1  ^ ^*3  " *1^  ^*2  - *3^  ^ 


i.e.  , 


C "I  I n 


\ ^ ^ bi  ts.1 
I 


K,  { — + 


'13  o 


<62) 


The  behaviour  of  the  output  voltage  depends  on  the  factor  in  brackets, 
which  we  denote  by 


X 


o 


(63) 


41. 


i 


Ik  ii>  iQjicruccivit:  to  cooeider  the  betiAviour  of  th«a*  «icpx««st<ms 
(<^9>,  CbO)  axui  (63))  for  th*  accelcrotioa  outputs  whan  thsre  is  no 

dissipation,  i.a.,  Z « 0;  this  would  corraspond  approzlmataly  to 
conditions  whstn  tha  hydrophona  la  vibrated  in  air.  For  this  cas«, 


(1--N 


21  "1 


2,/ 


2 2 

«21  ^ 


<l-n/) 


and  for  tbs  total  output 


<66) 


(65) 


' *o  ) 


2 2 2 
h 2 2 *^23  ^21  “l 

i-  »i  -»  * ^ -V- 


(66) 


Tha  output  will  bacoae  large  wban  A 0. 


i.e.,  whan  (l-n^^^)  (l-Nji^Uj^^)  U-»»3/n/)-«i^(l-»2j^^nj^)K^3 


-N2i^ni^(l-nj^)Kz3  - 0. 


iur  n balances  eissaeat  (having  N 


“ i and  ctn*uLC.:.s5 


becDiBU 


ZK^^)  - 0 


l.e.  , peak  output  occurs  when  “1 


or  when  2Kj^2  “ ® 


(wrltlxkg  OjQ  for  this  perticuler  value  of  n^)  . 


(67) 


2 2 1/2 


l.e.  , when  xl^q 


2 {l-HJ^j'‘+2  + {l+«22  +2  K23)  ) 


(67n 


2H 


31 


Unless  K3  >>  K^,  and  the  stack  and  aouatlng  resonances  are  approxi- 
aacely  equal  (giving  Nji  “ (!••••  ptorvided  only  that  l+N^j^^+ZK^^^  » 

2N33) , the  value  of  n^^^  below  the  stack  resonance  nay  be  vrlttec 
approxlBstaly  as 


+1+2K^3 


(68) 


It  can  readily  be  shown  that  this  corresponds  to  the  frequency  at  which 
the  total  «aas8  (1*3^+012+013)  resonetes  on  the  spring  kj,  e frequency  at  which 
a peak  in  the  response  would  Indeed  be  expected,  v^hsn  soote  dlssipstion  Is 
present , the  pe*dt  is  of  course  lowered  end  slightly  dlsplsced  in  frequsncy. 


43. 


Tnm  val'Mt  of  the  radiation  ia^wiasco  factor  Z in  tha  aquations  above 
wKf  ba  lalatad  to  th«  aora  convaniaat  aachanical  Q~£*etor  . Ba-«ritlag 
aquation  (36)  for  tha  of  a balaacad  hydrophona. 


Making  th*  further  approxiaatioo  Chat  tha  aagnituda  of  Z^  la  equal  to 
its  raalstlva  coaqtonant,  we  obtain 


Than, 


^ “l 
2, 


uZ. 

Z - (froa  aquation  (49c)  > 

■“1 


ut  2bj^ 

~hkr 


^ ±..  L. 

ag  - - 


(69) 


this  approximate  relationahlp  has  bans  uaad  in  the  folloving  asumplea,  even 
wttara  the  elaaant  la  not  exactly  balanced. 


tii«i  btiiiAviour  of  «»d  o««crlbed  by  ttiiustloos  (59)  , (60)  , 

and  (63)  is  lllustrsted  for  various  cottditioos  is  figurtu  13~16.  Figure 
13  sboMi  how  cfi«  outputs  froa  frost  sad  rear  parts  oppose  each  other  to 
give  a total  output  reduced  by  over  20  dB  is  the  aid-frequency  region, 
for  a balanced  elenect  with  low  damping  (Q^  • 1(X))  . For  this  exanple , 
the  value  of  gives  by  equation  (68)  is  0.033,  and  peaks  in  the  output 
occur  seer  this  value  and  n^  « 1.0.  For  lover  values  of  (which  votild 
be  aore  typical  for  a hydrophone  in  weter) , the  degree  of  cancellatiim  is 
lower,  aa  illustrated  in  figure  14  for  an  eleaent  having  » 10.  Tbia 
arlsea,  of  course,  because  the  radiation  loading  cm  one  end  diaturbe  the 
balance. 

The  cancellation  cay  alao  be  spoiled  by  aschsnical  unbalance  of  the 
front  and  rear  parts  of  the  eleaent.  For  exaaple,  unbalance  of  the  end 
taesses  gives  f 1.0  (but  with  and  figure  15  shows  the  large 

increase  in  output  caused  by  putting  1.1  (i.e.,  aasses  approxiaately 

202  different)  for  a high-Q^  eleaent  (Curves  A and  B).  Thaze  is,  however, 
a much  Isas  drsaatic  offset  on  the  output  idten  ths  balance  has  already  been 
spoiled  by  the  larger  radiation  loading  for  a lower-Q^  eleaent  (see  figure 
16) . Slailar  effects  are  caused  also  by  an  Inequality  of  the  atiffneas 

instead  of  the  aasses  (Curves  C in  figure  IS  and  16).  (In  this  ease, 

2 2 2 

/w^  “ / (.iS.2^^2^  “ ^13^^23'  *’*'*  *»»*«*  ®2 

equal. ) 


45 


For  Hi  balanced  stack  is  wbicb  the  dleslpetioa  is  scero  (i.c.,  Z > 0) 
and  the  reeonencse  of  front  end  rear  portloos  ere  e^ual,  {!.«.,  « 1)  , 

equetloa  (64)  for  ^e  total  power  output  become 


1) 


(66a) 


Thus,  asking  Che  resoasnces  equal  is  not  eufflcleat  by  Itself  to  give 
zero  output.  However,  If  Che  stiffnesses  are  also  equal  (and  hence  also 
the  nsssea)  , the  expression  above  become  zero  for  all  frequencies , and 
the  eleaeat  is  than  perfectly  balanced. 


The  values  of  • 100  and  ■ 10  are  typical  of  values  which  aiighc 
be  found  for  eluoindua  piston-type  hydropbooes  in  sir  and  water  reepectlvely . 
The  general  conclusions  for  brosd-band  hydrophones  to  be  drawn  froa  the 
results  Bsy  be  sucaeariscd  as  follows: 

(a)  A fair  degree  of  cancelling  of  the  output  in  air  dua  to  caae 
accalsrations  is  possible  over  a range  of  frequencies  below  resonance,  by 
using  a balanced  eleoant  tnounced  at  Its  mid-point. 

(b)  Tha  efficacy  of  the  cancelling  is  datermined  by  the  accuracy  of 
tnu  balancing.  Radiation  loading  at  one  end  of  Che  elenent  nay  i-educe 
the  cancelling  to  only  about  5 dB  in  water  (for  - lO) . Unbalance  of 


the  iiMeee  ox  atif ismtmma  of  about  lOS  would  tb«a  a«k«  oixly  •mall  increaaes 
lu  tba  accaieratiofi  output.  Ifabalaace  of  tba  aaaaaa  or  atlffaaaaea  of 
about  lOX  %rould  cause  parcaptlbla  affect*  for  alaiMBOt*  with  less 

dealing,  and  hence  oiakes  aeasuraamata  in  air  reasonably  practicable. 

<c)  The  acceleration  rcspoaae  becomes  large  at  a frequency  which  Is 
aiiar  Co  the  resonance  of  the  total  oaaa  of  the  element  on  the  compliance 
of  Its  mount.  This  usually  repcesants  the  low  frequency  limit  of  the 
uaetul  band  of  the  hydrophone,  the  element *a  resonance  frequency 
detexudoing  the  i^par  litd.t.  It  is  therefore  generally  adviaabic  to  aaka 
the  compliance  of  the  'nodal*  mount  a*  large  ea  practicable.  It  will  be 
seen  In  the  next  section  that  undesirable  effects  occur  also  in  the 
element's  pressure  reaponse  In  the  vicinity  of  the  mounting  resonance. 

For  aome  applicatlona , othar  conatralnts  such  aa  amoothaeas  of  the  piston 

face  in  its  case,  or  high  ar*ier.t  pemasure,  demand  e relatively  low 
value  of  the  compliance  of  the  moimtiog  plate,  and  in  such  cases  a 
comprooLiae  must  be  reached  betwetsi  the  conflicting  reqoirementa . 


VI . PEESSOilE  SEKSITIVITY 


Tha  voltage  output  due  to  acceleraclooa  abould  always  be  compared 
with  the  voXUige  output  due  to  the  desired  pleasure  signal,  since  clearly 
a higher  acceleration  sensitivity  can  be  tolerated  if  the  pressure  senai- 
clvity  is  also  high,  In  this  section,  equations  are  given  for  the 


..enaitiv’^ty  of  a hydrophone  »uch  aa  that  dhown  diagraasatically 

in  figure  12.  la  this  ca*«,  ho^rfever,  the  wruaetag  diepleceoenc  is  Hade 

zero,  end  a force  F sin  uit  is  applied  axially  (dmpowarda}  to  the  front 
0 

platan  (a^) . This  derivation  is  Intended  to  investigate  particularly 
the  frequency  variation  of  the  pressure  aeneitivlty , taking  into  account 
Che  affect  of  the  ^aodal  eounting,  and  its  relationship  to  the  earlier 
expreaalona  (e.g,,  equation  (32))  vlll  be  discussed  later. 

In  thia  case  Che  equations  of  taotloo  for  alnuaoidal  displaceaents 
are:  - 


For  WL^, 

(K^  - «1  *1  - 

*4.  *3  " ^0 

(70) 

For  »2 • 

(K2  - *2  ” 

(71) 

For  .3. 

<h  * * S - -3 

J)  X3  . K2  Xj 

(72) 

These  similtaneous  equations  may  be  aol'.red  as  in  the  previous  section  ^ 
or  by  vrlting  than  as:  - 


(K^  - *1  ”>^1  *3  - 

(Ki  - »2  *2  ’■*4  *3  “ ® 

Xj^  + X2  “(K^  ■*■  *^  ■*■  *^3  "*3  Xj  •»  0 


soiucieti  for  s,  is  thea  givea  oy  3t^  » wfa*rft 


and 


K. 

i. 


»2«  -<Kj^+K2^'*^3^ 


-K, 


K2 


Siatplifyittgf  wa  <^t«in;  - 


^ 2 2,  2 

where  » 


2 2,  2 3 2 

o^  • u>  /ii>2  » ®3  * ^“3  ' 


^3  * ‘^^‘'3*  *^23  - 


(73) 


(74) 


(75) 


fta  before . 


4:*. 


OS': 


Similarly,  « Dj/D,  where 


°2  - 


-F 


-K, 


®3“  >(Ki+K24«3) 


'o  “l'2 


(77) 


end  X3  « where 


°3- 


K2-tt2‘*‘ 


-F 


*^0  ^1*^2 


(73) 


The  contpressloa  of  the  froot  spring  Is  then  given  by:  - 


*'3  “ *1 


bJLh. 

F D 

o 


K_K»  2 ? 2 


(79) 


and  the  coiapression  of  the  rear  pert  by 


F_ 


°2  ~ 


(80) 


As  before,  the  charge  generated  pie*o-electrically  in  the  front  part 

la  proportional  to  the  force  In  the  front  spring  (F  ,) , i.e.,  to 

pr 


_2i 


(81) 


Similarly,  tha  force  la  the  rear  apri&g  la:  - 


^23“2 


K23n2^<l-*'l")-*13“l^<i->‘2^^ 


And  th«  total  output  voltage  le  proportional  to  ■»• 


l.«.,  to  F 2K,-n,^  - (l-n,^)(l-n,^) 

_£.  .jiU ± 2 (83) 

*'0  ^ 


niMe  three  equations  deacdbe  the  variation  with  frequency  of  the  output 

of  the  hydrophone.  For  low  frequencies,  when  Dj^,  02,  n^  -♦■  0,  the  force  in  the 

front  spring  F - F , and  P -*  0.  as  would  be  expected.  Aa  the  frequency 
pt  o pr 

is  increased , the  rear  part  oakcs  a larger  contribution.  If  tha  clenent 
is  symetrlcal,  so  that  ■*  and  **  ^23' 


jrf  H3'\  Hl-n^  ) 

*’0  2K23nj^^(l-n2^)-<l-n2^)^(l-n3^) 


*^13°I 

2K . n/a-n,  ^)-(l-n, h -n.^) 


F 

F 


(86) 


i 


Ibus.  for  « perfectly  b«ljuacttd  «l««eBt,  th«  total  praaaure  raapotuse  la 
wall*bahav«d , rising  aaoothly  to  a paak  at  tba  elaant'a  Tasonaaca  fr«- 
quaacy  (at  • 1) , although  fcha  contrlbucl«ui  ftoa  tha  caramlc  in  front 
of  and  bahlod  the  support  have  a taors  cosplicsted  variation.  This  is 
lllustrstsd  la  figure  17. 

However,  say  uabalsnce  in  the  eleasnt  i— artistely  reveals  In  the 
total  output  the  effect  of  the  eecmtltsig  spring.  For  excepls,  figure  18 
shove  the  effect  of  unbalanced  eod->naesea  for  an  eleaent  sisilar  to  Chat 
cooaidered  for  figure  16.  An  irregularity  In  tha  response  sgsin  occurs 
near  tha  eountlag  reaoosixce  given  by  equation  <68}  (i.e.,  > 0.035) 

VII.  EELATIONSHIP  BETWEEN  ACCELERATION  AND  PRESSURE  RESPONSES 

A high  sensicivicy  to  case  ecceleraCion  io  not  necessarily  too 
serious,  if  the  pressure  senaitlvity  le  also  high.  Thus,  it  is 
generally  useful  to  express  the  acceleration  respoissc  in  terms  of  the 
pressure  which  would  cause  an  equal  output  voltage.  The  resultant  factor. 
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expresaed  ia  Pa,«  /«  (or  more  coaBocly  in  wb/g)  la  obtained  by  dividing 
the  ecceleretion  response  by  the  pressure  sensitivity.  It  is  vorth 
noting  here  tbst  the  expressions  given  above  ere  for  the  relationship 
between  voltage  output  end  the  pressure  st  the  transducer's  active 
surface.  This  is  not  exactly  equal  to  the  "free-fleld  hydrophone 
sensitivity",  which  relates  the  voltege  output  to  the  pressure  which 
would  beve  existed  et  the  poeitlon  of  the  trensducer  surface  in  the 
abeencc  of  the  trensducer.  For  e hydrophone  which  is  small  compered 
with  e wavelei^th,  the  difference  between  theee  two  sensitivities  is 
smell,  but  for  a hydrophone  (however  smell)  in  a large  rigid  baffle, 
the  free-fleld  sensitivity  may  bs  twice  the  preesure  sensitivity.  In 
this  nots,  we  consider  only  the  pressure  eansltlvlty,  end  relate  that 
to  tbs  accslsrstion  ssnsitivity  lasssursd  in  sir. 


Using  equations  (62)  and  (66) , the  voltege  output  for  a case 
vibration  of  snplltuds  x^  is  given  by 


Thus,  for  vibration  in  sir, 


(c) 


s^  2.,  2,, 

{o^  («2 


CA 


Tlw  amplitude  is  givcu  (tor  a siausoldal  vlbretiouy  ly 


2 

X * u X 

o o 


Thus , the  ecceleretlou  flcoeltlvity  in  eir  is:  - 


V 

X 


'JcA 


r 2,  2 ^ 2,.  2.  , 

^“2  ®2  ^ ^ 


(87) 


1%ie  is  mistsd  to  the  squlveleat  pressure  by  using  equscions  (61e)  and 
(83),  rmsabering  thst  A - {l-nj^)(l-n2^)<l-n3^)-nj^^(l-n2^)Kj^j-n2^(l-n^^)lC23- 
Thus,  the  pressure  sensitivity  is:  *■ 


F 

..£ 

F 


.“A 

CA 


(<l-a2^Hl-03^>-2K23tt2' 


(88) 


£quetiens  (87)  end  (86)  then  give  the  sccelerstion  sensitivity  la  terns 
a(  Its  equiveient  pressure  (n^) . 


‘l  , * <h3'h3>°2‘<W\ 

^ ^ 

u Ap  (l-Oj  )(l-nj  ) - 2K2ua2^ 


1 t A • ^ 
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For  a balanced  element  the  factor  In  front  of  the  bracicets  is 
approximately:  -- 


K,  Q 0CX  2ffl^ 

Tr  " ^^7"  “ “1  ’rT 

u A i i 


2K, 


2K, 


“1^1 


w, pcXA 
1 P 


Here,  Q is  the  mechanical  Q-f actor  which  the  hydrophone  will  have 

SI 

in  water,  although  the  acceleration  sensitivity  is  measured  In  air. 
Thus , 


m 

a 


Q OCX 
ns 


(K23/Kj^3)n2^<l-ni^> 


1 1 

n.  (l-n2  ) 


(1-02^X1-113^)  - 2K23*’-2^ 


<S9a) 


Inserting  values  for  a typical  example  (slightly  unbalanced) , as 
before, 

i.e.,  - 10,  X - 1.0,  K^3  - K23  - 300,  N3^  - n3/n^  - 15, 

^21  "*  R],  “ kHz,  - O.l, 

W*'  fli,„  ..  O.30  a^/,r. 

a 

= 30  nb/g 


29  dB  re  1 ub/g 


'iiis  vaapoa&ii  will  be  a oaxlauai  whea 


(l-a^ Xi-Oj  ) " 


2^23112 


<90) 


which  for  « bolutced  elenant  is  again  the  eeaie  frequency  as  that  given 
by  equation  <68) . 

An  exanple  of  the  behaviour  of  equation  (89a)  is  ebown  in  figure  19. 
Experlaental  values  of  obtained  for  the  hydrophones  listed  in  table  I 
are  given  in  table  II.  Theee  exaaples  are  hydrophones  in  which  sane 
accelerstlon  cancelling  has  bean  deliberately  Incorporeted , and  atuch 
higher  valuee  of  acceleration  responsa  nay  be  obearved  for  other  designs. 


It  is  also  of  intarast  to  conaider  the  question  of  how  low  a value 

of  accelaration  sensitivity  is  necessary.  Suppose  that  a saall  piston 

hydrophone  Is  mounted  rigidly  in  a larva  baffle  which  is  vibrating  nomal 

to  its  surface.  If  the  amplitude  of  the  normal  velocity  Is  then  the 

amplitude  of  the  praeaura  in  the  water  near  to  the  baffle  is 

The  normal  accelaration  (x^)  of  the  baffle  la  related  to  its  velocity 

(for  sinusoidal  excitation)  by  x •>  oiv  . Thus , 

o o 


Po 


(91) 


Values  of  pressure  end  acceleration  for  water  are  shown  In  figure  20. 

-4 

As  an  exaepXs,  at  I kHz,  an  accelcratior.  of  the  baffle  of  1C  a/ sec'' 
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-5  -1 

10  g)  glv«»  rlM  to  a prcasur*  of  2.4  x 10  P«  (<■  0.24  ub)  w»ar 

to  tba  baffle.  If  the  acceleration  aeosltivity  of  the  hydrophone  la 

then  the  voltage  output  due  to  acceleratxoo  of  the  baffle  haa  an 

-4 

equivalent  preaaure  of  10  At  thia  frequency,  there  is  therefore 

little  point  in  reducing  the  output  significantly  below  chat  due  to  Che 

_2 

acoustic  pressure  in  the  water  (2.4  x 10  Pa):  - i.e.,  m does  not  need 

A 

to  be  such  less  than  2.4  x lO'^/lO”^  - 240  Pa.i^a  (•  2.4  x 10^  ub/g). 

In  general,  the  condition  is  that  the  acceleration  sensitivity  need  not 
be  reduced  tnich  below  the  level  where 


pcx^ 
o 

w 


i.e- , 


w 


(92) 


Values  of  a given  by  this  equation  are  shown  in  figure  21.  There  is 
a 

little  virtue  in  atteapting  to  aake  the  acceleretlon  sensitivity  (acasured 
in  air)  less  then  say  one-tenth  of  the  value  shown  in  figure  21  for  the 
appropriate  frequency. 


VIII.  CONCLUSI(»l 


This  report  dlecuasee  verioua  sources  of  noise  in  broad-bend  h;fdro" 
phorvas  and  their  iB^llcations  on  hydrophone  design.  Themal  noise 
(discussed  in  Section  II)  is  reduced  by  asking  the  electro-acoustic 
efficiency  high  - l.e.  , by  asking  the  eleaent  cepacitaace  end  aapllfler 
Input  lapedance  high.  The  effects  of  aapllfler  noise  (Section  III)  are 
reduced  by  asking  the  hydrophone  pressure  sensitivity  high , and  this 
often  ccn^tes  with  the  previous  requireaent  to  asks  capecitenee  high. 
Figure  10  illustrstes  the  way  in  which  the  paraaeters  may  be  choscna  to 
optlaise  the  perforaanca.  For  both  cases,  Che  resonance  frequency  should 
be  caade  as  low  as  possible,  and  the  coupling  coefficient  as  high  as 
possible . 

Another  cobbboo  source  of  noiae  in  hydrophone  sysCema  arises  froa 
accelerations  of  the  case,  and  expressions  for  the  acceleration  sensi- 
tivity of  low  frequency  thlckaess-sode  piezo-ceramic  hydrophones  are 
derived  iu  Section  V.  Improvements  in  acceleration  sensitivity  can  be 
achieved  by  'balancing'  the  eleaent  about  Its  mounting . although  there 
is  a limit  to  what  la  feasible  or  worthwhile.  After  balracing,  the  main 
feature  to  control  la  the  resonance  frequency  of  the  eleaent  on  its 
mouiitiug  coiaplisnce. 

Section  VI  derives  some  corresponding  expressions  for  the  pressure 
sensitivity  of  the  hydrophone,  and  in  Section  VII  the  relationship 
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. .icwtftc  acc«i«ratloe  and  prmmtur*  aeaaitiviclea  ia  dlscu£6<£d.  Again, 
Chare  1«  a Unit  to  the  degree  of  accaleratioo  canealllng  which  ia 
tvacaaaary  for  a hydrophone  laounted  In  a baffle. 

A hydrophone's  acceleracioo-cancaXling  parfonwnce  la  better 
appraclatad  by  expressing  its  acceleration  aenaitlvity  (In  air)  in 
tenut  of  its  presaure  response,  and  this  is  considered  in  Section  VII. 
Provided  frequencies  around  any  resonaxtcea  are  arvolded , an  acceleration 
secaltlvity  of  ^ess  than  1 Pa.s^/«  (=•  100  wb/g)  should  be  readily 
achievable,  and  this  should  be  sufficiently  below  the  requir^M  level 
sbom  in  figure  21  for  accelerations  not  to  cause  SMirloua  problems 
when  the  hydrophone  is  mounted  in  a rigid  baffle.  However,  it  should 
not  be  deduced  that  the  acceleration  'cancelling'  is  therefore  unneces~ 
sary,  since  experience  with  hydrophcaies  used  in  isolation  or  mounted  In 
more  practical  baffles  suggests  that  soeae  degree  of  sccelerstlon 
cancelling  la  gextarally  advisable. 

An  Example 


Am  an  example,  consider  a hydrophone  which  is  desired  to  receive 
signals  with  approximately  constant  sensitivity  over  the  band  0.1  to 
70  hJiz.  We  thus  make  the  fundaatintal  stack  resonance  100  kHz,  end  will 
assume  a typical  Qj^  of  10.  r.ead  zlrccmate  titsaate  will  be  used,  in  the 
thickness  mode,  to  achieve  a high  coupling  coefficient  (k  => 


0.5) . From 


■ r' 


aoisti  geJiet'«s.fe<j  la  th«  hydfophoe#  ie  t«sstg,Tii  i’tc^if. 

provided  < 0.1  kHz,  tt&d  caxi  6 < O.Cl.  If  the  hydrophooe  is  of  th« 

bslmocd  pistoe  type,  with  s plstoo  dlsaeter  of  15  sn  (••  IX  «t  100  kHz)  , 

2 6 2 

flgurs  9 shown  thst  (m  = 1.4  x 10  (yV/P«)  pF.  Acoustic  noise  levels 

equivalent  to  the  aaplifler  noiee  values  given  earlier  are  obtained  by 
dividing  the  aaspiifier  noise  by  the  hydrophesae  sensitivity,  if  aseasure- 
memtB  down  to  low  sea  atatee  are  wanted,  a suitable  choice  of  paraneters 
appears  to  be  C • 200  pF,  a « 83.7  uV/Pa  <i.e.,  38.5  dB  re  1 uV/Pa,  ••  18.5 
dB  re  1 yV/pb)  . Then  equivalent  noiae  levels  are  always  below  deep  sea 
state  1/2,  as  i^own  In  figure  22.  In  order  to  nske  <0.1  kHz,  the  input 

resistance  of  the  anqpiifier  must  be  &t  least  8 aegohaa  (from  • l/C^pR^)  , 
and  the  therMl  noise  contribution  is  then  saall.  The  total  (aoplifler  and 
thcraal)  noise  is  below  sea  state  1/2  levels  up  to  50  kHz,  and  at  least  6 dB 
below  see  state  1/2  up  to  20  kHz. 


5 ■ 
[ 1 


For  a spherical  hydrophone  having  its  resonance  at  100  kHz , the 
value  of  la  given  by  figure  11  5 x 10^  (uV/Pe)^  pF  for  a/t  • 5. 

Proa  equation  (45),  the  radius  of  the  sphere  is  8.7  am,  and  if  the  two 
halves  of  the  sphere  are  connected  In  serlsa  th®  aeaeitivlty  is  approxl- 
netely  190  yV/Pa  (i.e,  , 45.6  dE  re  1 uV/?a)  ai>a  i,he  capacitance  1250  pF. 
This  scERsltivity  Is  higher  tlian  for  th®  piston  hydrophone  exaaqple,  and 
the  equivalent  amplifier  noiae  ia  thus  further  suppressed.  An  Input 
resistance  of  only  1.3  taegoh®  Is  now  required  to  giva  • 0.1  kliz , and 
the  resulting  total  noise  level  la  shown  as  the  heavy  dashed  cnrvti  In 
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i ii^ure  22,  In  this  case,  the  improved  value  of  m C permits  measurements  down 
to  oca  state  l/2  over  virtually  the  full  range  up  to  ?0  kHz. 

For  the  piston-type  hydrophone,  a balanced  design  to  give  a reasonable 
degi'ee  of  acceleration  cancelling  would  usually  be  desirable.  For  “ 10, 
balancing  of  the  t\;o  halves  to  within  10^  would  generally  be  adequate.  The 
mounting  resonance  frequency  of  the  element  on  its  nodal  support  (given  by 
equation  (68))  should  be  below  the  low  frequency  edge  of  the  measuring  band 
(i.c.,  below  0.1  kHz),  in  order  to  avoid  unwanted  effects  in  both  acceleration 
a.id  pressure  sensitivity  curves. 
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TABL£  i 


iy-rophoo*  Type 

A 

B 

C 

D 

?l&coci  DleacCer  (toei) 

6.36 

12.7 

25,4 

63.5 

ReMiMXMaca  Frequency  P,  (kHz) 

X 

100 

80 

60 

18 

0.42 

0.68 

1.0 

0.76 

2 

A (tM  ) 
P 

31.,' 

127 

507 

3170 

u«pacltanee  (pP) 

3S 

150 

550 

550 

Voi  . of  Cera  ale,  issa^) 

320 

834 

3400 

3400 

A /a 
P c 

1.0 

l.U 

1.09 

6.82 

Pressure  SeneltiviLy  (exptl) 
(uV/Pa) 

liO 

100 

126 

355 

(exptl)  (uV/Pfl)^  pF 

4.2x10^ 

1.5x10^ 

8.7x10* 

6.9x10 

fro®  eq.  (34)  (uV/Pa)^  pF 

5.8x10^ 

1.8x10^ 

7.3x10* 

2 8x10 ’ 

Cn^C)^  fro®  eq.  (38a)  (uV/Pa)*  pF 

2., 5x10^ 

1.3xi0^ 

6.8*10* 

14x10^ 

(n^Oj,  from  eq . (40a)  (yV/Pa)”  pF 

3.5x10^ 

0.7x10* 

1.6x10* 

6*10’' 

i»siiumlng  0/X^  « 0.5 


XABLE  II 


Hydrophoa*  Typ« 

PistOD  (tsa) 

&B»qo«nca  ?requB&cy  (kHz) 
Acc«liir*cioa  Smsitivlcy  (yV,«*/m) 
Ft«««ur«  S«aaitlvity  <uV/?«) 

2 

Acc*l/Fr£::^«urc  KA«potut«  m (Ps.s  /a) 

A 


A 

8 

C 

D 

6.35 

12.7 

25.4 

63.3 

100 

80 

60 

18 

200 

700 

~ 

2000 

no 

100 

126 

35S 

1.8 

7 

- 

5.6 
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